Neutrino mass patterns and mixing have been studied in the context of next-to-minimal supersymmetric standard model (NMSSM) with three gauge singlet neutrino superfields. We consider the case with the assumption of R-parity conservation. The vacuum expectation value of the singlet scalar field S of NMSSM induces the Majorana masses for the right-handed neutrinos as well as the usual µ-term. The contributions to the light neutrino mass matrix at the tree level as well as one-loop level are considered, consistent with the tri-bimaximal pattern of neutrino mixing. Light neutrino masses arise at the tree level through a TeV scale seesaw mechanism involving the righthanded neutrinos. Although all the three light neutrinos acquire non-zero masses at the tree-level, we show that the one-loop contributions can be comparable in size under certain conditions. Possible signatures to probe this model at the LHC and its distinguishing features compared to other models of neutrino mass generation are briefly discussed.
I. INTRODUCTION
Several mechanisms of the generation of neutrino masses and mixing in the context of a supersymmetric model have been explored in various works. One of the most popular attempts in this direction is to relax the assumption of R-parity conservation in the minimal supersymmetric standard model (MSSM) by including explicit bilinear and/or trilinear R-parity violating interactions in the superpotential and the scalar potential [1, 2] . One can also consider models with spontaneous R-parity violation [3] [4] [5] via a singlet sneutrino vacuum expectation value. The low energy limit of such models, where the singlet sneutrino field is decoupled, can be thought of as the bilinear R-parity violating scenario. Thus there are several possibilities within the context of R-parity violation in MSSM. In fact, each of them has been studied in detail in connection with the observed neutrino mass patterns and mixing as provided by the neutrino oscillation experiments. The possible collider signatures of R-parity violating models have also been studied in great details and correlation between neutrino mixing angles and the decay branching ratios of the lightest supersymmetric particle * Electronic address: debottam.das@th.u-psud.fr † Electronic address: tpsr@iacs.res.in (LSP) have been obtained [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Another interesting and well studied procedure of small neutrino mass generation in a supersymmetric model, with the observed mixing pattern, is the seesaw mechanism [16, 17] with the introduction of right-handed neutrino superfields [18] [19] [20] . In order to generate small neutrino masses, one introduces ∆L = 2 heavy Majorana mass terms in the superpotential in addition to the trilinear lepton-number conserving Yukawa interactions involving the right-handed neutrino superfields. As long as the neutrino Yukawa couplings are of order one, light neutrino masses ∼ 10 −2 eV require the Majorana masses to be ∼ 10 15 GeV or so. However, such a high seesaw scale is difficult to probe at the LHC or future linear collider experiments. A viable alternative is to look at TeV-scale seesaw mechanism where small active neutrino masses are generated with the help of neutrino Yukawa couplings as small as 10 −6 (same as the electron Yukawa coupling) and this makes the Majorana mass scale of the right-handed neutrino of the order of ∼ TeV plausible. This gives one an opportunity to test the seesaw models at the LHC. The signatures of TeV scale supersymmetric seesaw models will be briefly outlined later along with a discussion of the signatures of R-parity-violating models.
On the other hand, MSSM is plagued by the so-called "µ-problem" which asks the question that why the scale of the supersymmetry preserving µ-term should be of the same order as the soft supersymmetry breaking terms, which are of the order of TeV. One of the possible solutions to this problem is the next-to-minimal supersymmetric standard model (NMSSM), where a standard model singlet superfield (Ŝ) is introduced to the MSSM superfields with a coupling λŜĤ uĤd in the superpotential (for review and phenomenology see [21, 22] ). The scalar component ofŜ gets, in general, a non-zero vacuum expectation value (VEV) of the order of ∼ TeV, as long as the soft mass parameters corresponding to the singlet scalar field are in the same range. This solves the "µ-problem" because the µ-parameter generated in this way has the right order of magnitude if one considers a coupling λ ∼ O (1) . In order to generate active neutrino masses and appropriate mixing in the neutrino sector one either includes R-parity violation in the superpotential [23, 24] and the scalar potential or introduces gauge-singlet neutrino superfieldsN i with appropriate couplings with the MSSM superfields and the singlet superfieldŜ [25] . In the latter case, the gauge-singlet neutrino superfieldsN i can have Majorana masses around the TeV scale if there is a coupling of the type κN 2 iŜ in the superpotential. When the scalar component ofŜ gets a VEV of the order of TeV scale, the right handed neutrinos also acquire an effective Majorana mass around the TeV values as long as the dimensionless coupling κ is order one [25] . Here it is assumed that the superpotential has a discrete Z 3 symmetry which forbids the appearance of bilinear terms in the superpotential [26] .
In this study, within the framework of this TeV scale seesaw model mentioned above, we calculate the one-loop contributions to the neutrino mass matrix with R-parity conservation and study the effect of these contributions to the neutrino mass patterns and mixing angles. In other words, we consider the case where only the scalar field corresponding to the singlet superfieldŜ gets a nonzero VEV along with the neutral Higgs fields. We will show later that these one-loop contributions can be significant and can change the region of parameter space allowed by the three-flavor global neutrino data in comparison to the tree level results.
The plan of the paper is as follows. In Sec.II we will provide a discussion on the three-flavor neutrino mixing and illustrate the general pattern of our analysis that we are going to follow. Sec.III describes the model along with the minimization conditions of the neutral scalar potential. One-loop contributions to the neutrino mass matrix in the R-parity conserving scenario and the resulting neutrino mass patterns, which satisfy the three flavor global neutrino data, are discussed in Sec.IV with numerical results. In Sec.V we outline the possible ways to probe this model at the LHC and present a short critical discussion of the signatures of neutrino mass models involving spontaneous and/or bilinear R-parity violation. We summarize in Sec.VI with possible future directions.
II. NEUTRINO MIXING
The solar, atmospheric, accelerator, and reactor neutrino experiments have shown strong evidence in favor of non-zero neutrino masses and mixing angles [27] . In addition, there is an upper bound on the sum of neutrino mass eigenvalues ∼1 eV from cosmological observations [28] . The bound on the 11-element of the neutrino mass matrix resulting from the non-observation of neutrinoless double beta decay is ≤0.3 eV [29] . The global 3-flavor fits of various neutrino oscillation experiments point toward the following 3σ ranges of the neutrino oscillation parameters, namely the two mass-squared differences and three mixing angles [30] 
where ∆m
One can see from these numbers that there are two large mixing angles and one small mixing angle among the three light neutrinos with a mild hierarchy between the mass eigenvalues.
The three flavor neutrino mixing matrix U can be parametrized as follows, provided that the charged lepton mass matrix is already in the diagonal form and the Dirac as well as Majorana phases are neglected: 
where c ij = cos θ ij , s ij = sin θ ij and i, j run from 1 to 3.
The mixing angle data coming from solar, atmospheric and reactor sector indicate that θ 12 ≈ 34
• , θ 23 ≈ 45
• , and θ 13 ≤ 13
• . This is popularly known as the bilarge pattern of neutrino mixing. In order to understand the consequences of such mixing in the zeroth order, one considers the tri-bimaximal structure of the neutrino mixing [31] where θ 23 = . With this tri-bimaximal pattern, the unitary neutrino mixing matrix turns out to be
Considering m 1 , m 2 and m 3 as the three light neutrino mass eigenvalues, we use the matrix U ν to obtain the neutrino Majorana mass matrix in the flavor basis as
We can see that a particular structure of neutrino mass matrix emerges from the requirement of tri-bimaximal mixing, in terms of the neutrino mass eigenvalues. Given a specific model for generating the neutrino mass matrix, one can easily connect the model parameters with the neutrino mass eigenvalues with the help of Eq.(4). This way one can study the normal, inverted or quasidegenerate mass pattern of the light neutrino mass eigenvalues and try to see the requirement on the model parameters to produce the tri-bimaximal pattern of neutrino mixing. In this work, we will try to explore the next-to-minimal supersymmetric standard model (NMSSM) where neutrino mass is generated because of the introduction of three right-handed neutrino superfields with the possible interaction terms. Though the assumption of tri-bimaximal mixing in the neutrino sector is not generic, in the present context it is quite illustrative in studying the role of the soft SUSY breaking parameters on the neutrino mass eigenvalues. At the same time, the acceptable domain of the soft parameters consistent with neutrino mass eigenvalues and tri-bimaximal mixing angles would hardly change with any small shift in θ 13 . As mentioned in the introduction, this model was proposed in Ref. [25] where the case with spontaneous violation of R-parity was studied with possible implications on neutrino mass eigenvalues and mixing angles at the tree level. In the present study we shall consider the case when R-parity is conserved and the neutrino mass generation at the tree level is entirely due to the seesaw mechanism involving the TeV scale right handed neutrinos. Our aim would be to see if this model can produce the acceptable neutrino mass eigenvalues and mixing angles when the neutrino mass matrix receives contributions at the tree as well as one-loop level. An attractive feature of this model is that, the right handed sneutrino in the form of LSP may become a valid cold dark matter candidate of the universe [32] .
This model can also accommodate spontaneous CP and R-parity violation simultaneously. In that case, the neutrino sector is CP violating and the resulting effects on the neutrino masses and mixing angles were studied in Ref. [33] . Similarly, spontaneous R-parity violation motivated by a flavor symmetry may produce tri-bimaximal mixing pattern in the neutrino sector [34] . However, in the present context we consider the case where neutrino sector conserves CP symmetry along with R-parity.
There have been some other studies which address the neutrino experimental data in some other extensions of NMSSM. One of these proposals is discussed in Ref. [23] , where the effective bilinear R-parity breaking terms are generated through the vacuum expectation value of the scalar component of the singlet superfieldŜ. In this case, only one neutrino mass is generated at the tree level whereas the other two masses are generated at the one-loop level. In another model [24] , non-zero masses for two neutrinos are generated at the tree level by including explicit bilinear R-parity violating terms along with the R-parity breaking term involvingŜ. It is interesting to note that, the R-parity violating NMSSM model may offer a valid dark matter candidate in the form of gravitino as the R-parity violating decay channels of the gravitino are extremely suppressed because of weak gravitational strength [35] .
In another class of models, gauge-singlet neutrino superfields were introduced to solve the µ-problem, which can simultaneously address the desired pattern of neutrino masses and mixing [36] . The detailed study of neutrino masses and mixing in this model was presented in Ref. [37] and the correlations of the lightest neutralino decays with neutrino mixing angles were discussed. Subsequently the dominant one-loop contributions towards the tree level neutrino masses have also been presented [38] . Similar analyses for one and two generations of gaugesinglet neutrinos were presented in Ref. [39] and some other phenomenological implications, in particular the possible signatures at LHC were addressed. Neutrino masses consistent with different hierarchical scenarios and tri-bimaximal neutrino mixing can also be generated in an R-parity violating supersymmetric theory with TeV scale gauge singlet neutrino superfields, where the µ-term was not generated by the vacuum expectation values of the singlet sneutrino fields [40] . Another interesting avenue in this direction is to study the role of possible higher dimensional supersymmetry breaking operators in the hidden sector which may render the TeV scale soft SUSY breaking trilinear and bilinear couplings involving the sneutrinos to produce the observable mass and mixing angles for the neutrinos [41] .
III. THE MODEL AND MINIMIZATION CONDITIONS
In this section we review the model along the lines of Ref. [25] and discuss its important characteristics. We introduce the singlet superfieldŜ along with three righthanded neutrino superfieldsN i . The superfieldsN i are odd and the superfieldŜ is even under R-parity. The most general superpotential consistent with R-parity conservation is
where
HereĤ d andĤ u are down-type and up-type Higgs superfields, respectively. TheQ i are doublet quark superfields,
TheL i are the doublet lepton superfields, and theÊ j are the singlet charged lepton superfields. The indices i, j = 1, 2, 3 are generation indices. Note that we have imposed a Z 3 symmetry under which all the superfields have the same charge. This symmetry forbids the appearance of the usual bilinear µ-term in the superpotential. The µ-term is generated spontaneously through the vacuum expectation value of the singlet scalarŜ. In a similar way soft supersymmetry breaking potential can be written as
includes the MSSM soft supersymmetry breaking terms along with a few additional terms as shown below:
The term V Singlet is composed of the soft masses and the trilinear interactions corresponding to the fieldsÑ i :
We have taken a common trilinear coupling A for the singlet fields N i and S and m is a mass scale. In a supergravity motivated scenario, it is a common practice to choose m = m S = mÑÑ * and also a universal trilinear parameter for the fields S,Ñ i . Since these fields are gauge singlet, we assume such universality to hold also at the electroweak scale. Similarly, the mass parameters m S and mÑÑ * are very much insensitive to Renormalization Group Equation (RGE) running and their values at the weak scale can be taken to be the same as the values at the high scale. In addition, we have chosen all the parameters f
and f ν ij to be real. The scalar potential of this model can be written as
where the neutral part of V F and V D can be written as
In the above, the repeated indices always mean to sum over the generations. However, the summation sign is used in special cases if required. The VEVs are determined by the minimization of the potential (vide Eq. (11), (12) and (13)). Here we explore the possibility when only scalar component of the gauge singlet superfieldŜ acquires a VEV along with the doublet Higgs fields. The right-chiral sneutrinoÑ can only have a vanishing VEV and thus R-parity is unbroken. On the other hand, when the right-chiral sneutrinoÑ acquires a VEV then R-parity is spontaneously broken and an effective bilinear R-parity violating term of the form ǫ i L i H u is generated, where ǫ i ≡ f ν Ñ i . However, the case of spontaneous R-parity violation will be studied in a separate work [42] . Note that, a global continuous symmetry such as lepton number cannot be assigned to the superpotential involving the singletsŜ andN i . Thus this model is completely free from the unwanted Nambu-Goldstone boson even if the singlet scalar S and/orÑ i acquire VEV. For more details the reader is referred to Ref. [25, 43] .
Minimization of the scalar potential (vide Eq. (11)) leads to the following conditions:
+ tan β(
Here g 1 and g 2 are the U(1) and SU(2) gauge couplings, respectively, and tan β = v u /v d .m i is the soft SUSY breaking mass parameter of the left chiral sneutrinos. We have assumed that the neutral scalar fields can develop, in general, the following vacuum expectation values
As has already been mentioned, in the present context we will consider the solutions vÑ i = vν i = 0 and v s = 0 to analyze the neutrino spectra. In our subsequent discussion, we will also ignore the terms in the minimization equations which are bilinear in the neutrino Yukawa couplings. Note that in order to generate very small masses for the active neutrinos ( < ∼ 0.1 eV) using this TeV scale seesaw mechanism, the neutrino Yukawa couplings (f ν ) should be below O(10 −6 ), which is around the magnitude of the electron Yukawa coupling.
The VEV v s comes out as the solution of the following cubic equation (neglecting the Yukawa term),
The solutions of the foregoing equation involve soft parameters Am, A H and m 2 s . In fact these parameters cannot be much away from TeV values to have v s ∼ TeV. In particular, the soft parameter A H and Am are crucial to produce non zero VEV for the field S. Any consistent solution that yields v s = 0 but vÑ i = 0 requires |A| ≥ 3 and also λ H ≤ 1, m ≥ 100 GeV, m S ≥ 100 GeV [25] . Similarly we also choose the couplings λ s , λ Ni in such a manner so that the condition for global minima is always satisfied.
IV. NEUTRINO MASSES AND MIXING: R-PARITY CONSERVING NMSSM
Let us now discuss in detail the generation of neutrino masses and mixing in this model. Note that this model is different from the models where MSSM is extended with three right-handed singlet neutrino superfields. This is because in those models the right handed neutrino mass scale is not tied up with the electroweak symmetry breaking scale and is assumed to be very high (∼ 10
15 GeV or so).
A. Seesaw masses
At the tree level, the (3×3) light neutrino mass matrix, that arises via the seesaw mechanism has a very wellknown structure given by
where m D represents the lepton number conserving (3 × 3) 'Dirac' mass matrix and M R represents the lepton number violating (3 × 3) 'Majorana' mass matrix. Note that, after the EWSB, when the scalar component ofŜ gets a VEV, in the effective Lagrangian we can assign a lepton number -1 for the fields N c i andÑ i (contained in the superfieldN i ). The relevant part of the effective Lagrangian which encompasses both neutrino and sneutrino fields is given by
where the coefficients have the following meaning
It is easy to see from Eq. (18) since it is much smaller compared to the other terms.
The tree level neutrino masses may receive dominant radiative corrections at the one-loop level. It has been shown in models of MSSM with right-handed neutrino superfields, that the loop contributions can be as large as the tree level value, though the result depends on the soft SUSY breaking parameters [18, 20] . In R-parity conserving scenarios the leading contribution to neutrino masses at the one-loop level arise from ∆L = 2 terms in the sneutrino sector. These bilinear interaction terms involving the heavy right-handed sneutrinos fieldsÑ i are B 
The same one-loop contribution to mν as in Fig.1 but represented in a different way. HereÑJR andÑJI are right handed sneutrino mass eigenstates which couple toνi,j to produce the one-loop effective neutrino mass term.
the usual fermionic seesaw mechanism to generate small masses for the light active neutrinos [20] . This effective Majorana sneutrino mass term in turn induces one-loop radiative corrections to neutrino Majorana masses via the self-energy diagram as shown in Fig.1 . However, rather than computing the one-loop contribution to neutrino masses using the above method, we would choose a different but more general procedure as explained below.
We begin by decomposing the sneutrino fields in terms of real and imaginary components. Thus one has
where the componentsν iR ,Ñ iR are the CP -even and ν iI ,Ñ iI are the CP -odd scalar fields. The mass terms of these scalars may be evaluated using the definition
where Φ represents a generic scalar field. Accordingly one obtains the following diagonal mass terms (assuming the right-chiral sneutrino states to be flavor diagonal) for the CP -even and CP -odd right-chiral sneutrinos:
Similarly, the interactions betweenÑ iR,(iI) andν iR,(iI) read as
The diagonal left-chiral sneutrino mass terms are shown in Eq. (19) . As we can see, the off-diagonal terms involving the left-chiral and right-chiral sneutrinos are much smaller compared to the diagonal terms since they are proportional to the small neutrino Yukawa couplings (f ν ∼ 10 −6 ). Hence, we can compute the one-loop correction to the neutrino mass due to the small mixing of the right-chiral sneutrinos with the left-chiral sneutrinos. This is shown in Fig.2 . Note that the rightchiral sneutrino mass matrix contains bilinear terms like
which are originated from the Fterm contribution in the scalar potential. These are the new contributions to the right sneutrino masses in the present model and thus they are absent in seesaw models of MSSM with only right handed neutrino superfields. These terms will have important roles to play while calculating the one-loop correction to the neutrino mass matrix, even when the relevant soft breaking trilinear parameters are smaller. The loop contribution can be written as,
where the integral I 4 is given by,
Here X J denotes right chiral sneutrino statesÑ JR orÑ JI . One can always evaluate I 4 with the following analytical expressions,
Here, m χα represents the eigenvalues of the NMSSM neutralino mass matrix. In the weak interaction basis
0 , W 0 , the mass matrix can be written as
The mixing matrix elements N α5 and N α4 are the wino and bino component of the neutralinoχ α . The expression (vide Eq. (24)) is the most general to compute the one-loop diagram (vide Fig.2 ). Nevertheless, we would consider a simplified scenario for illustration. In particular, we assume (i) identical values of ). With these assumptions, it is possible to factor out the flavor structure from Eq. (24) and denote the remaining as the loop factor (LF) which is merely a constant. Then the loop contribution can be cast into a convenient form given by
Here C R and C P represent the coefficients of f ν ij in Eq. (23) and given as
Let us note that the coefficient B Ri can be written as
Consequently the one-loop contribution can be cast into the well known form [18, 20] 
where y α ≡ m 
Here we have used the relation ∆m In order to reproduce the result in Eq.(34), we assumed that B N , mÑÑ * < M R and A ν > B N . Now, in addition if we assume M R > A ν , the last term becomes negligible compared to the other terms in the expression Eq. (35) and this keeps only the terms to leading order in 1/M R . However, this is not always true as all soft SUSY breaking mass parameters as well as the right handed neutrino masses may have similar magnitudes as in the present scenario. Hence, rather than using Eq. (34), we evaluate the neutrino mass terms corrected up to one loop order, from
Clearly, the coefficient of the loop contribution shifts the tree level neutrino masses by a constant amount. This coefficient involves the soft SUSY breaking parameters and in this work we explore the effect of these parameters on the neutrino mass matrix. This simple structure of the neutrino mass matrix (vide Eq. (36)) can indeed be very helpful to examine the neutrino mixing pattern. In particular, we are interested to explore the conditions which could yield the mixing matrix into a tri-bimaximal structure. Thus we compare Eq.(36) with Eq.(4), where the latter provides with the neutrino mass matrix consistent with the tribimaximal mixing pattern. Then, with a symmetric neutrino Yukawa matrix, neutrino masses can be evaluated using the following expressions:
23 , leads to the following solutions of the neutrino spectra
It is obvious that the mass pattern as depicted above satisfies the desired tri-bimaximal structure of the neutrino mixing. The mass terms as expected, contain tree level contributions which are always negative. On the other hand, the loop contribution can go both ways depending on the sign of the soft SUSY breaking parameters. For a large B R , which primarily depends on Am, the radiative correction to the neutrino masses could be enhanced to supersede the tree level results [18] .
Before presenting the numerical results a few comments regarding the lepton flavor violating (LFV) processes are in order. Recall that we assume flavor diagonal mass terms for the left and right chiral sneutrinos. The loop induced processes like µ → eγ, τ → eγ or τ → µγ can get contributions primarily via the couplings B ν ij or B ′ν ij (see Eq. (18) and (19)). Clearly, any such contribution at the leading order would involve a product of two small neutrino Yukawa couplings f ν ij and are expected to be very suppressed. Moreover, our assumption f ν 12 = f ν 13 = 0 would lead to vanishing contributions for the processes µ → eγ and τ → eγ in this model.
We now explore whether the obtained mass pattern could fit with the different hierarchical structure that we know so far. In particular, we show our numerical results to identify the regions in the parameter space consistent with the normal, inverted and quasi-degenerate neutrino mass pattern. In the numerical computation we choose different soft parameters and couplings in such a way, that the proper minima condition of the scalar potential is always satisfied [25] .
The choices of various parameters are listed below. The value of tan β is taken to be equal to 10. In addition to that, other parameter choices are (I) Superpotential parameters: 
B. Different Neutrino Spectra:
The two mass-squared differences shown in Eq. (1) 
However, in principle m 1 can also be much smaller than m 2 or even be zero. Since in this case m 3 is much greater than both m 1 and m 2 , we can approximately use the relation shown in Eq. (39) for illustration.
2. Inverted Hierarchy: this hierarchical scenario can be achieved if one chooses
We assume the maximum possible value for m 3 to be ∼ 0.01 eV while the minimum value could be vanishing. Obviously, the solar mass squared difference ∆m 3. Degenerate Masses: finally this scenario is defined by
Here we assume that the upper bound of the neutrino masses could be 0.33 eV, which comes from the cosmological observations. The lower bound is chosen to be 0.1 eV.
In Fig3, three neutrino mass eigenvalues m 1 , m 2 , m 3 , consistent with the normal hierarchical pattern, are plotted as functions of neutrino Yukawa couplings. The difference in the contours manifests how the neutrino masses depend on the soft bilinear coupling parameter (Am). The variation occurs, as v s depends on (Am), thereby acquiring a different value at the global minima which has already been mentioned in Table I . In particular |v s | always increases as we increase |Am| parameter which in turn increases the right handed neutrino masses. This results into a smaller value for m tree ν . On the other hand, loop correction does not increase appreciably by this small variation of Am if A ν is around TeV scale as we will discuss later. We should note here that neutrino loop correction is always an order of magnitude smaller compared to the tree level value for the parameters we have chosen. Thus with increase in Am parameter, one requires large values of Yukawa couplings to satisfy the neutrino data. The red zone in each contour (vide Fig3) Table. I. All mass parameters are in GeV.
represents the range of the Yukawa couplings that can satisfy the neutrino data.
In case of inverted hierarchy, we have shown the variation of m 3 with the respective Yukawa couplings in Fig.4(a) . The other mass parameters m 1 , m 2 depend on the Yukawa coupling f ciently large as can be seen from . Similarly, we choose M 1 = 60 GeV and M 2 = 120 GeV, where M 1 and M 2 are the U (1) and SU (2) gaugino mass parameters, respectively. For larger values of electroweak gaugino masses, the one-loop contribution would be reduced further. For Am = -1 TeV, higher A ν values ∼ 13 TeV can satisfy the current neutrino data. However, even if A ν is ∼ 13 TeV, the quantity A ν f ν is very small, i.e., ∼ 10 −2 GeV. Note that for such a choice of the parameter space, the tree level values of the neutrino masses are not sufficient to accommodate the three flavor global neutrino data. Increasing the value of Am requires relatively smaller value of A ν (∼ 7 TeV) to reproduce the neutrino data. It is very important to point out that, for a fixed λ s and λ N i one cannot increase the trilinear coupling parameter Am to an arbitrary high value as the right-chiral sneutrinos may turn out to be tachyonic. Thus, a relatively larger soft trilinear parameter A ν is required to enhance the one-loop contribution to neutrino masses. The requirement of a large A ν can be understood from the following discussion.
• The one-loop contribution to the neutrino mass originating from the mass splitting in the lefthanded sneutrinos depends on the parameters µ, A ν and B N as can be seen from Eqs. (34) and (35) . It has been argued in Ref. [18] , that in order to have the one-loop contribution to the neutrino mass comparable to its tree level value, the ratio ∆mν ij /m ν should be ∼ 10 3 .
• Substituting µ = λ H v s and the expression for B N from Eq. (33), we may write
We can see from the above expression that one may increase either Am or A ν parameter to enhance the one-loop contribution to make it countable. But in the present context, raising the soft parameter Am alone would not serve the purpose. This is because the VEV v s increases significantly with |Am| (vide Table. I). Thus there is always a partial cancellation between different terms in the above expression for the left sneutrino mass splitting. In particular, the effective bilinear coupling B N is reduced because of this partial cancellation. In addition, we choose the sign of the coupling λ H as negative in order to determine the correct global minima. This also causes a partial cancellation between various terms, but to a lesser extent. Considering this cancellation effect in mind, it is easy to check that the ratio ∆mν ij /m ν always reside near the value ∼ 10 with the soft parameters A ν and B N around the TeV scale.
• Now, as mentioned above, the trilinear coupling parameter Am is restricted if one does not want the right chiral sneutrinos to become tachyonic. Of course this depends on the choice of the soft "Dirac" mass term mÑÑ * of theÑ s, which we have chosen to have a quite moderate value (300 GeV) in this case. However, the parameter A ν can be pushed to a reasonably high value without affecting any other results. This explains why a large A ν parameter is required to make the one-loop contribution to the neutrino mass comparable to its tree level value.
V. SIGNATURES AT LHC
It is extremely important to investigate the possible signatures of this TeV scale seesaw mechanism at the LHC. One of the search strategies could be to produce the right-handed neutrino N (or the corresponding righthanded sneutrinoÑ ) with a large enough cross-section and then look at the decay branching ratios in different available modes. However, in this type of models the production of TeV scale right-handed neutrinos (or sneutrinos) at the LHC is suppressed 1 by the light neutrino mass [46] . Nevertheless, it is possible to construct models where the production mechanism of the right-handed neutrino (sneutrino) can be decoupled from the neutrino mass generation. For example, extended gauge symmetries such as U (1) B−L or SU (2) R may offer extra gauge bosons near the TeV scale whose couplings to quarks and the right-handed neutrino (sneutrino) are unsuppressed [47] . In such models a single or a pair of right-handed neutrinos can be produced with large cross sections leading to dilepton signals (same-sign) with no missing energy (see the first reference of [17] and [48] [49] [50] [51] ), trilepton signals [52] or four-lepton signals [53] [54] [55] .
In the context of the present model the left-sneutrino "Majorana" mass term can lead to oscillation between the left-chiral sneutrino and the corresponding antisneutrino [18, 56, 57] . This can be interpreted as the observation of a sneutrino decaying into a final-state with a "wrong-sign" charged lepton. In order to have a large oscillation probability the total decay width Γ of the sneutrino/antisneutrino and the mass splitting ∆m must be of the same order. Since ∆m is constrained by the neutrino data, one needs a very small total decay width of the sneutrino/antisneutrino. It has been shown in [18] that this can be achieved in a scenario where the lighter stau is long-lived and the left-chiral sneutrino can only have 3-body decay modes involving the lighter stau in the final states. This can lead to signals such as like-sign dileptons, single charged lepton plus like-sign di-staus (leading to heavily ionizing charged tracks) or like-sign di-stau charged tracks at future linear colliders [18, 58, 59] or at the LHC [60] . The resulting charge asymmetry of the final states can be measured to get an estimate of the sneutrino-antisneutrino oscillation probability [60] . In addition, for a very small sneutrino decay width one can also observe a displaced vertex in the detector. However, a detailed study of such signals in the context of the present model is beyond the scope of the present paper.
In comparison, now we discuss briefly the signatures of R-parity violating models in general. In models with spontaneous violation of R-parity, the singlet sneutrino vacuum expectation value leads to the existence of a Majoron which is an additional source of missing energy. This can change the decay pattern of the lightest Higgs and the lightest neutralino with the corresponding signatures at the LHC. For more details and the relevant references the reader is referred to Ref. [46] . In the case of bilinear R-parity violation, the ratios of certain decay branching ratios of the LSP show very nice correlation with the neutrino mixing angles. This can lead to very interesting signatures at the LHC where comparable numbers of events with muons and taus, respectively, can be observed in the final state [9] [10] [11] [12] [13] [14] [15] .
From the above discussion we see that the canonical type-I supersymmetric seesaw case that we have considered in this paper has characteristic signatures which can be tested at the LHC. At the same time one can also distinguish the predictions of this model with those of the models with spontaneous or bilinear R-parity violating scenarios.
VI. CONCLUSIONS
We have studied the neutrino masses and mixing in an R-parity conserving supersymmetric standard model with three right handed neutrino superfieldsN i and another gauge singlet superfieldŜ. This model is similar to the next-to-minimal supersymmetric standard model (NMSSM), where the scalar component ofŜ gets a VEV to generate a µ-term of correct order of magnitude. In addition, the same VEV also generates TeV scale Majorana masses for the right handed neutrinos. The small neutrino masses are generated at the tree level by the usual seesaw mechanism at the TeV scale. We also calculate the one-loop contribution to the neutrino mass matrix and investigate the constraints on the model parameters to produce the tri-bimaximal pattern of neutrino mixing for three different neutrino mass hierarchies. Neutrino mass matrix gets contribution at the one-loop level controlled by the sneutrino "Majorana" mass terms. We show that the one-loop contribution can be important for certain choices of the soft SUSY breaking parameters. This we have demonstrated by evaluating the oneloop contribution in two different ways. In particular, we observe that the one-loop contributions can be significant when the soft SUSY breaking trilinear parameter A ν f ν is ∼ O(10 −3 GeV) with A ν ∼ 10 TeV. This observation is quite robust and does not change much if one introduces a small θ 13 in the neutrino sector. Our choice of neutrino Yukawa couplings also predict vanishing contributions to the lepton flavor violating processes µ → eγ and τ → eγ as well as an extremely suppressed contribution to τ → µγ.
As has been stated earlier, it is also possible to have non-zero vacuum expectation values for the left and right chiral sneutrinos. In that case, R-parity is violated spontaneously. The neutrino mass matrix can have contributions from two different sources, namely, the effective bilinear R-parity violating interactions and the TeV-scale seesaw mechanism. One-loop contributions to the neutrino mass matrix can be very important in this case too. However, the tree level and one-loop calculations are rather involved and require a separate discussion altogether. We plan to present these results in a subsequent paper [42] .
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